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ABSTRACT
For the hot exoplanets CoRoT-24b and CoRoT-24c, observations have provided tran-
sit radii RT of 3.7± 0.4R⊕ and 4.9± 0.5R⊕, and masses of 6 5.7M⊕ and 28± 11M⊕,
respectively. We study their upper atmosphere structure and escape applying an hy-
drodynamic model. Assuming RT ≈ RPL, where RPL is the planetary radius at the
pressure of 100mbar, we obtained for CoRoT-24b unrealistically high thermally-driven
hydrodynamic escape rates. This is due to the planet’s high temperature and low grav-
ity, independent of the stellar EUV flux. Such high escape rates could last only for
<100Myr, while RPL shrinks till the escape rate becomes less than or equal to the
maximum possible EUV-driven escape rate. For CoRoT-24b,RPL must be therefore lo-
cated at ≈ 1.9−2.2R⊕ and high altitude hazes/clouds possibly extinct the light at RT.
Our analysis constraints also the planet’s mass to be 5−5.7M⊕. For CoRoT-24c, RPL
and RT lie too close together to be distinguished in the same way. Similar differences
between RPL and RT may be present also for other hot, low-density sub-Neptunes.
Key words: planets and satellites: atmospheres – stars: ultraviolet – hydrodynamics
1 INTRODUCTION
The CoRoT satellite detected two Neptune-size planets with
transit radii RT of ≈3.7R⊕ and ≈4.9R⊕ with orbital peri-
ods of ≈5.11 and ≈11.76 days around an old main-sequence
K1V star (Alonso et al. 2014). Radial velocity measure-
ments led only to an upper limit of 5.7M⊕ for the hot-
ter planet, while for the cooler, more massive planet a
mass of 28±11M⊕ was obtained. From the deduced low
average densities of 6 0.87 g cm−3 and 1.31 ± 0.65 g cm−3
of CoRoT-24b and CoRoT-24c respectively, one can ex-
pect that the cores of both planets are surrounded by H2-
dominated envelopes. This assumption agrees well with pre-
vious studies, concluding that protoplanetary cores with
masses >1.5M⊕ and radii >1.6R⊕ would hardly lose their
H2-envelopes under the action of the stellar high-energy flux
(Lammer et al. 2014; Erkaev et al. 2015; Johnstone et al.
2015; Rogers 2015; Sto¨kl, Dorfi, & Lammer 2015).
We aim at understanding whether the low density and
large radius of the smaller planet are physically possible. In
Sect. 2 and 3 we describe the applied hydrodynamic model,
and present the obtained upper atmosphere structure and
loss rates. In Sect. 4 we compare the results and discuss the
implications of our findings. We conclude in Sect. 5.
2 MODELLING APPROACH
To study the EUV-heated upper atmosphere structure and
hydrogen thermal escape rates, we apply an energy absorp-
tion and 1-D hydrodynamic upper atmosphere model de-
scribed in detail in Erkaev et al. (2013, 2015, 2016) and
Lammer et al. (2014). The model solves the system of hy-
drodynamic equations for mass,
∂
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momentum,
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Because the influence of the Roche Lobe can not be ne-
glected, we consider also the energy φ per unit mass of a
test particle in the ecliptic plane
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φ = −G
MPL
R
−G
Mst
d−R
−G
(MPL +Mst)a
2
2d3
+ const, (4)
where G is Newton’s gravitational constant, MPL is the
planetary mass, a is the distance from a given point to
the center of mass, Mst is the stellar mass and, d is the
distance between the star and the planet. In the equa-
tions above, R is the planetocentric distance, t is the time,
T the atmospheric temperature, QEUV is the EUV vol-
ume heating rate, ρ the atmospheric mass density, v the
gas flow velocity, P the atmospheric pressure, and κ =
4.45× 104(T/1000)0.7 erg cm−1 s−1K−1 is the thermal con-
ductivity (Watson, Donahue, & Walker 1981). The thermal
energy ET of the atmospheric particles per unit volume can
then be written as,
ET =
[
3
2
(nH + nH+ + ne) +
5
2
(
nH2 + nH+
2
)]
kT, (5)
with k being the Boltzmann constant and nH, nH2 neu-
tral particle and nH+ , nH+
2
ion densities. The continu-
ity equations for these number densities are solved as de-
scribed in Erkaev et al. (2016). To calculate QEUV, we adopt
the average EUV photoabsorption cross sections σEUV of
5 × 10−18 cm2 and 3 × 10−18 cm2 for H atoms and H2
molecules, respectively (Murray-Clay, Chiang, & Murray
2009; Erkaev et al. 2013; Lammer et al. 2014; Erkaev et al.
2015), in agreement with what is provided by experimen-
tal and theoretical data (Bates, Massey, & Amdur 1962;
Cook & Metzger 1964; Beynon & Cairns 1965).
To estimate the EUV (10-92 nm) luminosity of CoRoT-
24, we consider a stellar rotation period of 27.3 days
(Alonso et al. 2014). Using the scaling laws of Wright et al.
(2011) and a β (the power-law index correlating the
Rossby number at saturation and the X-ray flux; see
Eq. 1 of Wright et al. 2011) of −2.18, we obtain LX =
4.51 × 1027 erg s−1, hence LEUV = 3.82 × 10
28 erg s−1
(Sanz-Forcada et al. 2011). Therefore, we adopted EUV
fluxes of 4330 erg s−1 cm−2 and 1410 erg s−1 cm−2 for
CoRoT-24b and CoRoT-24c, respectively. For compari-
son, the X-ray luminosity of HD189733, which has simi-
lar parameters to CoRoT-24 is LX = 2.95 × 10
28 erg s−1
(Schmitt & Liefke 2004). By using instead the other value
of β of −2.7 given by Wright et al. (2011), we obtain LX =
1.27 × 1027 erg s−1.
The 1-D simulations also include the effects of ioniza-
tion, dissociation and recombination. The photoionization
cross sections, the dissociation and recombination coeffi-
cients, the continuity equations for the number densities of
the atomic hydrogen atoms and ions, and those for the neu-
tral and ionized molecules were taken from Yelle (2004) and
Erkaev et al. (2016) and scaled proportionally to the EUV
fluxes derived for each planet. The electron density is deter-
mined from the quasi-neutrality condition.
The upper boundary of the simulation domain is set at
the Roche lobe of ≈24R⊕ and ≈71.7R⊕ for CoRoT-24b and
24c, respectively. The hydrodynamic model can be applied
when enough collisions occur, which is the case if Knudsen
number Kn = λ/H < 0.1 (Volkov et al. 2011), where λ is
the mean free path and H is the local scale height. This
Knudsen criterion is fulfilled within the calculation domain.
For all calculations we considered a heating efficiency of 15%
(Shematovich et al. 2014). We set the lower boundary of the
simulations at RPL, where we assume a temperature equal
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Figure 1. Atmospheric pressure as a function of wavelength at
which a solar metallicity clear (i.e., without clouds and hazes)
atmosphere of a planet becomes opaque, hence where τ ≈ 1. Cal-
culations have been done for two planetary radii and a planetary
mass of 5.7M⊕. The points show the integral of the convolution
of the two model curves with the transmission function of the
CoRoT filter at the center of the wavelength span covered by the
filter, which is indicated by the horizontal bars.
to the planetary equilibrium temperature Teq. Here we also
assume an H2 number density corresponding to an atmo-
spheric pressure of 100mbar, which is near the level where
the tangential optical depth τ =1 for most transparent con-
tinuum bands (Brown 2001; Lopez & Fortney 2014).
To prove the validity of this assumption we use a
radiative-transfer transmission-spectrum model1 for a so-
lar composition atmosphere and the T -P profiles obtained
from the hydrodynamic code extended with isothermal hy-
drostatic profiles at high pressures, assuming two different
planetary radii (see Sect. 3). The main contribution to the
absorption comes from H2 Rayleigh scattering (<600 nm),
alkali lines (Na and K; 500–800 nm), H2-H2 collision-induced
absorption (>600 nm), and H2O (≈900 nm). CoRoT’s ob-
serving band covers the range 350–1000 nm, with the effec-
tive wavelength at ≈690 nm. Figure 1 shows that τ ≈ 1 lies
at a pressure of ≈60–70mbar, but this is for a slant geom-
etry (transmission) and therefore in a radial geometry the
pressure at RT is slightly higher than the average pressure
probed by transmission spectroscopy. Differences of a factor
of 10 in metallicity do not affect this result.
We run a consistency check of the adopted hydro-
dynamic code by comparing the calculated H loss rates
with those of the well studied hot-Jupiter HD209458b,
for which upper atmosphere hydrodynamic modelling has
been performed by several groups. If we assume simi-
lar planetary and atmospheric parameters at the lower
boundary (Koskinen et al. 2013) we obtain a mass-loss
rate of ≈7×1010 g s−1, which agrees well with what pre-
viously derived by several other groups (4–7×1010 g s−1;
Yelle 2004; Garc´ıa Mun˜oz 2007; Koskinen et al. 2013;
Khodachenko et al. 2015).
3 RESULTS
3.1 Thermal outflow
For the first set of calculations, we assumed that
RT=RPL=3.7R⊕ for CoRoT-24b and 4.9R⊕ for CoRoT-
1 https://github.com/exosports/BART
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3Table 1. Results of the hydrodynamic simulations for CoRoT-
24b with MPL=5.7M⊕, Teq =1070K, and RPL =R100mbar
ranging between 1.7 and 3.7R⊕. The table lists the planetary
densities ρPL in g cm
−3, hydrodynamic LHY and energy-limited
LEN escape rates in s
−1 and their ratio (LHY/LEN).
RPL ρPL LHY [s
−1] LEN [s
−1] LHY/LEN
3.7 0.62 2.0× 1036 5.3× 1034 37.7
3.5 0.73 1.3× 1036 4.8× 1034 27.1
3.0 1.16 1.8× 1035 1.9× 1034 9.5
2.5 2.01 2.6× 1034 1.0× 1034 2.6
2.2 2.94 6.0× 1033 6.0× 1033 1.0
2.0 3.92 2.3× 1033 5.0× 1033 0.46
1.7 6.38 4.4× 1032 2.7× 1033 0.16
24c. The equilibrium temperatures Teq of CoRoT-24b
and 24c are 1070±140K and 850±80K, respectively
(Alonso et al. 2014). Because these temperatures are cooler
than the H2 thermal dissociation temperature (≈2000K),
H2 is the dominant species near the 100mbar level. Above
the altitude level where dissociation takes place, H atoms
become the main species and can escape from the planet’s
gravitational well. The solutions of our model runs are quasi-
stationary with slow time variations of the atmospheric pa-
rameters.
For CoRoT-24b and CoRoT-24c, the hydrody-
namic model gives H escape rates of ≈2.0×1036 s−1
(3.35×1012 g s−1) and ≈8.0×1033 s−1 (1.34×1010 g s−1), re-
spectively. Under the assumption that the 100mbar level lies
near the observed transit radius, the high thermally driven
hydrodynamic outflow obtained for CoRoT-24b is caused by
the combination of the planet’s high temperature and low
gravity, independent of the stellar EUV flux. This happens
because for hot, low-gravity planets the thermal energy ET
shown in Eq. 5 for a large fraction of the particles in the
upper atmosphere is of the order of or larger than the po-
tential energy. As a consequence, the atmosphere flows up-
wards, even without the need of an additional external en-
ergy source, such as the stellar EUV flux. In this case, the
stellar EUV flux is not the main driver of the atmospheric
escape. This is similar to the so called “boil-off” evaporation
regime of very young planets (Owen & Wu 2016).
The high escape rate obtained for CoRoT-24b could
in principle last for <100Myr (see Sect. 3.2), which is in-
consistent with the old age of the system: with the excep-
tion of very young planets, the escape rate can only be
less than or equal to the maximum possible EUV-driven H
escape rate, which can be analytically estimated with the
energy-limited formula (e.g., Watson, Donahue, & Walker
1981; Erkaev et al. 2007; Lammer et al. 2009; Luger et al.
2015),
LEN =
piηRPLR
2
EUVIEUV
GMPLmHK
, (6)
where η is the heating efficiency, IEUV is the stellar EUV
flux, REUV is the effective radius where the EUV energy is
absorbed in the upper atmosphere (Erkaev et al. 2013, 2015,
2016), and mH the mass of the H atom. The factor K takes
into account Roche lobe effects (Erkaev et al. 2007).
By applying this formula to CoRoT-24b and CoRoT-
Figure 2. Ratio between hydrodynamic escape rates LHY and
corresponding energy-limited escape rates LEN as a function of
planet radius, considered to be at the 100mbar level, and planet
mass. The dotted horizontal line indicates LHY =LEN. The verti-
cal lines mark the transit radius, and the possible range of planet
(at the 100mbar pressure level) and core radii Rc (see Sect. 4)
assuming a mass of 5.7M⊕. The dashed line indicates the results
obtained assuming a mass of 5.7M⊕ and a pressure at RPL of
1 bar.
24c, we obtain escape rates of 5.3×1034 s−1 (8.9×1010 g s−1)
and 5.5×1033 s−1 (9.2×109 g s−1), respectively. For the hot-
ter and less massive sub-Neptune CoRoT-24b, the escape
rate based on the hydrodynamic model LHY is ≈40 times
higher than LEN obtained from Eq. 6, while for the more
massive and cooler planet, CoRoT-24c, LHY is consistent
with LEN, within the expected uncertainties.
From these estimates it follows that the high escape rate
obtained from the hydrodynamic simulations for CoRoT-
24b cannot be realistic. The only possible solution to this
discrepancy is that RT is not close to the 100mbar level,
but lies much higher in the atmosphere.
3.2 Identifying the 100mbar level
To find out which set of planet parameters satisfies the
LHY/LEN 6 1 condition for CoRoT-24b, we run a grid of
hydrodynamic models with mass and radius values in the
4.0–8.0M⊕ and 1.7–3.7R⊕ range, respectively, to directly
compare LHY and LEN as a function of planet parameters.
Table 1 shows the results of the hydrodynamic model for
CoRoT-24b with MPL=5.7M⊕ and RPL ranging between
1.7 and 3.7R⊕.
Figure 2 shows the LHY/LEN ratio as a function of
planetary radius and mass and indicates that, assuming
MPL 6 5.7M⊕, the condition LHY/LEN 6 1 is reached for
planetary radii smaller than ≈2.2R⊕. In this work, the tran-
sit radius of CoRoT-24b is the main observational uncer-
tainty, but it has however no impact on the results: the
LHY/LEN 6 1 relation is fulfilled for RPL< 2.2R⊕, regard-
less of the observed radius and its uncertainty. Our simula-
tions at larger masses show that the transit radius lies close
to the 100mbar level for MPL> 8M⊕.
According to formation and structure models of hot
(Teq ≈ 1000K) sub-Neptunes (e.g., Rogers et al. 2011), the
transit radius would correspond to an atmospheric mass
fraction f of ≈0.04, hence an atmospheric mass MAT of
c© 2015 RAS, MNRAS 000, 1–6
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Figure 3. Atmospheric mass MAT evolution normalized to the
atmospheric mass corresponding to RPL = 2.2Roplus estimated
from the results shown in Table 1. The horizontal line indicates
MAT =MAT(2.2RPL).
≈1.36×1027 g. By assuming a core mass of 5.7M⊕ for
CoRoT-24b, from the escape rates given in Table 1, one
can also roughly estimate the evolution of atmospheric mass
with time. Atmospheric masses corresponding to the radii
given in Table 1 were estimated from the 1000K structure
models of Rogers et al. (2011). As one can see in Fig. 3,
an atmospheric mass above 2.2R⊕ corresponding to a ra-
dius of 3.7R⊕ would be lost within 100Myr due to the high
thermally-driven escape rates, in agreement with the results
of Owen & Wu (2016). Because of the short time period in
which the mass-loss rates are exceptionally high and the cor-
responding fast shrinking of the planet radius, the 100mbar
level of CoRoT-24b must be located much deeper in the at-
mosphere, compared to the position of RT.
4 DISCUSSION
Thermally driven hydrodynamical mass loss could occur at
the first stages of planetary evolution (Owen & Wu 2016),
but is unlikely to occur for older planets because, as shown
in Fig. 3, the atmosphere structure would be modified in
a short time. It is also not possible that CoRoT-24b is the
remnant of a more massive planet (e.g., hot-Jupiter or hot-
Saturn), because the escape rates of such massive objects
are not high enough to affect significantly the planet’s mass
over the main-sequence lifetime of the host star (Yelle 2004).
Both escape rates, i.e. LHY and LEN, depend on the
adopted EUV flux and heating efficiency η. For this rea-
son we tested the effect of a higher/lower EUV flux or η on
the results. A different EUV flux affects both LHY and LEN
rates in a similar, though not identical, way. A variation of
a factor of ≈2 in the EUV flux would lead to a variation
on the LHY/LEN ratio of ≈0.3, which in terms of planetary
radius corresponds to < 0.1R⊕. Variations in η also affect
both escape rates. In this case we estimate that a factor of
≈2 difference in the heating efficiency would lead to a vari-
ation on the planetary radius of < 0.1R⊕. From the com-
parison of the escape rates of the hot-Jupiter HD209458b
described in Sect. 2 we expect that the use of a different
hydrodynamic code would lead to mass-loss rates consistent
with those presented here within a factor of ≈2, which, in
Figure 4. Top: temperature profiles of CoRoT-24b, calculated
assuming RPL =2.2R⊕ and MPL=5.7M⊕ (solid line), and
CoRoT-24c (dashed line) as a function of distance in units of R⊕.
Bottom: same as the top panel, but for the atmospheric pressure.
terms of the derived planetary radius of CoRoT-24b, corre-
sponds to ≈ 0.1R⊕. We further tested the effect of varying
Teq (1070±140K; Alonso et al. 2014), finding that variations
in Teq up to 200K have a negligible impact on the results.
On the basis of planetary formation models calculated
for planets in the 1–10M⊕ range, one can estimate the core
radius Rc of a planet on the basis of its mass if MPL ≈ Mc
as Rc ≈ M
0.27−0.3
PL , depending upon the exact composi-
tion (Valencia, O’Connell, & Sasselov 2006). Taking into ac-
count that RPL, hence the 100mbar level, cannot be too
close to Rc (the planet needs sufficient atmosphere to pro-
duce the observed RT), from Fig. 2 it follows that CoRoT-
24b should have a minimum mass of ≈5.0M⊕, with a core
radius in the ≈1.55–1.68R⊕ range and RPL at the 100mbar
level in the≈1.9–2.2R⊕ range. These values yield an average
density of 2.9–4.6 g cm−3. The mass contained between RPL
and RT is 7.5×10
−5 ofMPL. We conclude therefore that, ac-
counting for the uncertainties on RT, the “true” radius Rpl
of CoRoT-24b is ≈30-60% smaller than the one measured
by the transit. For the solar system gas giant planets, RPL
is by definition set at the 1 bar pressure level. By setting
this pressure level at RPL and following the same procedure
described in Sect. 3.2, we obtained again that RPL would be
about 2.2R⊕ (see Fig. 2).
Figure 4 compares the temperature and pressure pro-
files of CoRoT-24b, considering a RPL of 2.2R⊕ and a MPL
c© 2015 RAS, MNRAS 000, 1–6
5of 5.7M⊕, and CoRoT-24c. In the case of CoRoT-24b, the
atmosphere is hydrostatic near RPL, while it becomes hydro-
dynamic and cools adiabatically above 5R⊕. For the cooler
and more massive planet, CoRoT-24c, the atmosphere is hy-
drostatic above RT and the temperature increases up to
3000K due to the EUV heating. Above 10R⊕ the atmo-
sphere cools adiabatically. For CoRoT-24b, Fig. 4 shows that
assuming RPL =2.2R⊕ andMPL =5.7M⊕, RT lies near the
1–10µbar pressure level. As one can see from Fig. 1, the ab-
sorption at the level of the transit radius cannot be caused
by H2 Rayleigh scattering and the alkali lines are too nar-
row to produce broad-band absorption. At such a high alti-
tude, absorption could be for example produced by clouds,
though cloud formation models based on TiO2 calculated
for HD189733b (Teq similar to that of CoRoT-24b) suggest
formation pressures of about 0.1mbar (Lee et al. 2015).
5 CONCLUSIONS
By comparing the escape rates obtained from a hydrody-
namic code with the maximum possible EUV-driven es-
cape rate calculated from the energy-limited formula, we
discovered that for the H2-dominated close-in sub-Neptune
CoRoT-24b the planetary radius, by definition set at the
100mbar pressure level, is 30-60% smaller than the observed
transit radius. Additional considerations on the range of pos-
sible planetary core radii allowed us to constrain the most
likely values of the planetary mass and radius to lie in the
range 5.0–5.7M⊕ and 1.9–2.2R⊕, respectively.
The Kepler satellite has discovered several similar, low-
density “sub-Neptunes” and it is very likely that the transit
radii measured for the vast majority of these planets also
differs from the true planetary radius, therefore introducing
a systematic bias in the measured radii. This has dramatic
implications for example in the determination of the mass-
radius relation (e.g., Petigura, Howard, & Marcy 2013;
Weiss & Marcy 2014; Lopez & Fortney 2014) and for planet
population synthesis studies (e.g., Beauge´ & Nesvorny´
2013). Our results may also help explaining some of the
discrepancies discovered between the planet radius distri-
bution observed by Kepler and that derived from popula-
tion synthesis models (Jin et al. 2014). This has also pro-
found implications for our understanding of the structure
of the large number of transiting low-mass exoplanets ex-
pected to be observed and discovered in the near future by
the CHEOPS, TESS, and PLATO space missions and char-
acterized by JWST.
ACKNOWLEDGMENTS
HL and IJ acknowledge the funding by FFG-847963. TL ac-
knowledges funding by FFG-ASAP11. The authors thank
the FWF NFN project S11601-N16 and the subprojects
S11604-N16 and S11607-N16. HL, NVE, and PO acknowl-
edge the FWF project P27256-N27. NVE acknowledges sup-
port by the RFBR grant No. 15-05-00879-a. The authors
thank the anonymous referee for the useful comments that
led to a considerable improvement of the manuscript. We
thank R. Alonso for fruitful discussions.
REFERENCES
Alonso, R., Moutou, C., Endl, M., et al. 2014, A&A, 567,
A112
Bates, D. R., Massey, H. S. W., & Amdur, I. 1962, Physics
Today, 15, 63
Beauge´, C., & Nesvorny´, D. 2013, ApJ, 763, 12
Beynon, J. D. E., & Cairns, R. B. 1965, Proceedings of the
Physical Society, 86, 1343
Brown, T. M. 2001, ApJ, 553, 1006
Cook, G. R., & Metzger, P. H. 1964, Journal of the Optical
Society of America (1917-1983), 54, 968
Erkaev, N. V., Kulikov, Y. N., Lammer, H., et al. 2007,
A&A, 472, 329
Erkaev, N. V., Lammer, H., Odert, P., et al. 2013, Astro-
biology, 13, 1011
Erkaev, N. V., Lammer, H., Odert, P., Kulikov, Y. N., &
Kislyakova, K. G. 2015, MNRAS, 448, 1916
Erkaev, N. V., Lammer, H., Odert, P., Kulikov, Y. N.,
& Kislyakova, K. G. 2016, MNRAS, submitted, arxiv:
1601.00452
Garc´ıa Mun˜oz, A. 2007, Planetary and Space Science, 55,
1426
Jin, S., Mordasini, C., Parmentier, V., et al. 2014, ApJ,
795, 65
Johnstone, C. P., Gu¨del, M., Sto¨kl, A., et al. 2015, ApJL,
815, L12
Khodachenko, M. L., Shaikhislamov, I. F., Lammer, H., &
Prokopov, P. A. 2015, ApJ, 813, 50
Koskinen, T. T., Yelle, R. V., Harris, M. J., & Lavvas, P.
2013, Icarus, 226, 1695
Lammer, H., Odert, P., Leitzinger, M., et al. 2009, A&A,
506, 399
Lammer, H., Sto¨kl, A., Erkaev, N. V., et al. 2014, MNRAS,
439, 3225
Lee, G., Helling, C., Dobbs-Dixon, I., & Juncher, D. 2015,
A&A, 580, A12
Lopez, E. D., & Fortney, J. J. 2014, ApJ, 792, 1
Luger, R., Barnes, R., Lopez, E., et al. 2015, Astrobiology,
15, 57
Marcy, G. W., Weiss, L. M., Petigura, E. A., et al. 2014,
Proceedings of the National Academy of Science, 111,
12655
Murray-Clay, R. A., Chiang, E. I., & Murray, N. 2009, ApJ,
693, 23
Owen, J. E., & Wu, Y. 2016, ApJ, 817, 107
Petigura, E. A., Howard, A. W., & Marcy, G. W. 2013, Pro-
ceedings of the National Academy of Science, 110, 19273
Rogers, L. A. 2015, ApJ, 801, 41
Rogers, L. A., Bodenheimer, P., Lissauer, J. J., & Seager,
S. 2011, ApJ, 738, 59
Sanz-Forcada, J., Micela, G., Ribas, I., et al. 2011, A&A,
532, A6
Schmitt, J. H. M. M., & Liefke, C. 2004, A&A, 417, 651
Shematovich, V. I., Ionov, D. E., & Lammer, H. 2014,
A&A, 571, A94
Sto¨kl, A., Dorfi, E., & Lammer, H. 2015, A&A, 576, A87
Valencia, D., O’Connell, R. J., & Sasselov, D. 2006, Icarus,
181, 545
Volkov, A. N., Johnson, R. E., Tucker, O. J., & Erwin, J. T.
2011, ApJL, 729, L24
Watson, A. J., Donahue, T. M., & Walker, J. C. G. 1981,
c© 2015 RAS, MNRAS 000, 1–6
6 H. Lammer et al.
Icarus, 48, 150
Weiss, L. M., & Marcy, G. W. 2014, ApJL, 783, L6
Wright, N. J., Drake, J. J., Mamajek, E. E., & Henry, G. W.
2011, ApJ, 743, 48
Yelle, R. V. 2004, Icarus, 170, 167
c© 2015 RAS, MNRAS 000, 1–6
